Controversy pervades the definition of adequate and optimal vitamin D status. The Institutes of Medicine have recommended serum 25(OH)D levels above 50 nmol/L based upon evidence related to bone health, but some experts, including the Endocrine Society and International Osteoporosis Foundation, suggest a minimum serum 25(OH)D level of 75 nmol/L to reduce the risk of falls and fractures in older adults. In a cross-sectional study, we compared vitamin D status in people ≥75 years selected from four groups with a frailty phenotype, combined with a control group free from serious illness, and who considered themselves completely healthy. Only 13% of the 169 controls were vitamin D deficient (S-25(OH)D) < 50 nmol/L), in contrast with 49% of orthopedic patients with hip fractures (n = 133), 31% of stroke patients (n = 122), 39% of patients visiting the hospital's emergency department ≥4 times a year (n = 81), and 75% of homebound adult residents in long-term care nursing homes (n = 51). The mean vitamin D concentration of the healthy control group (74 nmol/L) was similar to a suggested optimal level based on physiological data and mortality studies, and much higher than that of many officially recommended cut-off levels for vitamin D deficiency (<50 nmol/L). The present study provides a basis for planning and implementing public guidelines for the screening of vitamin D deficiency and vitamin D treatment for frail elderly patients.
Introduction
Hypovitaminosis D is common in older adults [1] . Older subjects with 25-Hydroxyvitamin D (25(OH)D) levels below 50-70 nmol/L have a significantly higher risk of earlier death than those with higher 25(OH)D levels [2] [3] [4] . Vitamin D deficiency may result in osteopenia/osteoporosis, muscle weakness, and atrophy (sarcopenia), poor balance, and an increased risk for fractures [5] . Aside from these well-known classical effects of vitamin D deficiency, non-classical effects of vitamin D deficiency such as insulin resistance, increased risk of infection, many forms of cancer, cardiovascular disease etc., are also associated with vitamin D inadequacy. Most of the current data regarding these non-classical effects of vitamin D deficiency are, however, based on observational and epidemiological studies, which do not prove causality between vitamin D deficiency and overall poor health.
Vitamin D deficiency is also associated with lower quality of life [6] . A recent meta-analysis showed some evidence that vitamin D3 supplementation may reduce mortality in older adults [7] , as well as a recent study showed that genetically low vitamin D concentrations increase mortality [8] .
The major source of vitamin D is from sensible sunlight exposure. Sweden's geographical location with limited sunlight during the year implies that skin can produce sufficient vitamin D only during the summer months. Studies in healthy blood donors in Sweden (18-65 years of age) have shown that serum 25-hydroxy vitamin D (S-25(OH)D) levels vary greatly over the year, and correlate with the intensity of UVB irradiation [9] . Older adults usually spend less time in the sun than younger and have a lower capacity for their skin to produce vitamin D. Sweden has an aging population, and one of the highest reported incidences of hip fractures. There is also a seasonal variation for hip fracture, with the highest risk in winter, and the lowest in summer [10] . The economic burden of incidental fragility fractures in Sweden is very high [11] .
Some studies have found a high prevalence of vitamin D deficiency among elderly Swedes, especially among those in institutions [3] , but others have shown almost normal vitamin D status in certain groups of older people [2, 12] . However, it is difficult to compare these studies, as the vitamin D status in elderly people varies widely in different studies, depending on the population studied, method for determining vitamin D status, residence, and timing of data collection.
In the latest Nordic Nutritional Recommendations 2012 (NNR5), published in 2013, the recommended daily intake of vitamin D for those over 75 years of age was raised from 10 µg (400 IU)/day to 20 µg (800 IU)/day, since a protective effect of such an intake against mortality, fractures, and falls was considered to be scientifically supported [13] . In the same document a serum-25(OH)D concentration of >50 nmol/L was used as an indicator of sufficient vitamin D status. To prevent vitamin D deficiency, (June 2015) the Swedish National Food Agency recently proposed that the number of foods requiring mandatory vitamin D fortification in Sweden should be increased.
Despite evidence of the importance of vitamin D in various health conditions, there is a lack of scientific consensus concerning optimal 25(OH)D concentrations for older people. To the best of our knowledge, there are no other Swedish studies employing novel laboratory methods estimating 25(OH)D concentrations in the very old who feel healthy. We believe that our study of such an elderly, but healthy group can provide an indication of what optimal vitamin D level health care should strive for. We also chose to study vitamin D status in ill older adults in order to aid health care in its objective to provide guidelines of screening for vitamin D deficiency and vitamin D treatment for these groups of frail elderly patients.
To answer these questions, we selected patients from different vitamin D deficiency risk populations, and compared them with a healthy age-matched control group. Patients from four high-risk populations were investigated in the study. As a control group, age-matched healthy older adults (Controls) were investigated.
Our hypotheses stated that frail older adults from the risk groups would have a suboptimal level of vitamin D, and few would be substituted with vitamin D and calcium. We also sought to investigate the vitamin D status of healthy, but very old, people.
Experimental Section

Study Population and Study Design
The study was conducted between February 2014 and April 2015 at Kalmar County Hospital in the southeast of Sweden (latitude 56.7 • N). To investigate possible seasonal variation in vitamin D status, patients and controls were recruited evenly with regard to season.
This study was conducted according to the guidelines laid down by the Declaration of Helsinki. The Regional Ethical Review Board at Linköping University approved the study, and informed consent was obtained from all participants.
Inclusion criteria for all participants were age ≥75 years. All participants came from the same geographical area (Kalmar County, in southeastern Sweden). Subjects from the following vitamin D deficiency risk populations were consecutively entered into the study: patients admitted to the orthopedic ward following an osteoporotic hip fracture (Fracture), patients with acute stroke admitted to a stroke ward (Stroke), and patients who frequently used local emergency care with ≥4 visits per year (Frequent Emergency Users; FEU). As a fourth group we included homebound elderly residents in long-term care nursing homes (Nursing homes)). These older, multi-ill persons, living in nursing homes had poor access to outdoor activities and could thus develop vitamin D deficiency. When patients were unable to understand because of dementia or stroke, a family member able to advise on the presumed wishes of the patient was approached to act on behalf of the patient.
Healthy volunteers (Controls) ≥75 were enrolled as the control group. A variety of strategies was used for recruitment, including advertising in local newspapers, supermarkets, and pensioner associations. These older adult controls were enrolled in the study only if they considered themselves to be in good health despite their age (a high degree of physical and emotional well-being) and were satisfied with their current life-situation.
Measurements
All participants underwent anthropometric measurement and biochemical screening on the same occasion. Systolic and diastolic blood pressure was measured on the right arm in the supine position. The medical history was taken on inclusion, obtained through a nurse's interview. A standard pretested questionnaire was used for recording baseline information. Skin color was recorded using the Fitzpatrick scale. For all participants, self-reported current medication data was supplemented by medication lists in electronic medical records (Cambio Cosmic).
Height and weight were measured with the subject wearing light clothing without shoes. Body mass index (BMI) was calculated as kilograms per square meter. Waist circumference was measured midway between the lowest rib and the iliac crest with the subject in the supine position.
All included subjects in the control group had rated their health as very good despite their old age. The question of how they rated their health was asked by the nurse before the examination by a telephone interview and also during the visit. Only the older controls who rated their own health as very good/excellent were included in the study. Subjects in the healthy control group were also asked about previous medical history including history of dementia, low energy fractures, and stroke. If they had had any of these diseases, they were excluded from the study. Subjects in the control group who were prescribed antidiabetic medication, vitamin D, or calcium by a physician were also excluded.
Blood Samples
Venous blood samples were collected for quantification of different biochemical parameters. For patients in the stroke and emergency department groups, non-fasting blood was drawn in the early morning (7:00-9:00 a.m.), the day after arrival to the hospital. From patients in the fracture group, investigations and blood samples were performed early in the morning (7:00-9:00 a.m.). Blood was drawn from the patients 3.8 (0-6) days after hospitalization for hip fracture and, in most cases, three days following surgery, which was performed on arrival or the following day.
Analyses were performed at the Kalmar County, Clinical Chemistry Hospital Laboratory, and all steps were performed according to the manufacturers' recommended protocol.
Blood samples were analyzed for plasma calcium, albumin, phosphorus, Alkaline Phosphatase (ALP), and creatinine using VITROS ® 
Statistical Methods
The results for variables are presented as the mean (SD), the median (range), and for categorical variables as counts (%). p-values from Mann-Whitney's U-test are presented, provided Kruskal-Wallis nonparametric ANOVA was statistically significant (p < 0.05). Group differences for blood samples were also adjusted for age, sex, and season (dark season (months 10-12 and 1-3)/light season (months 4-9), and skin type (dark/light), using analysis of covariance (ANCOVA). For adjusted p-values see footnotes in the tables. Statistical analyses were performed with Statistica (version 12, StatSoft ® , Tulsa, OK, USA), and p-values < 0.05 in the inference statistics were considered statistically significant.
Results
The basic characteristics of the study population are described in Table 1 as well as significant differences between controls and the other four patient groups (p-values), some of which were also adjusted for age, sex, season, and skin type (p-adjusted). 
Height (cm) Males
Mean (SD) 177 (6) 175 (8) 175 (6) 175 (6) 176 (10 (5) 160 (7) 160 (6) 162 (7) 160 (5) 
Anthropometric Variables
More women than men were included in all groups. Particularly notable was the gender difference in the group with fresh hip fractures, where three out of every four fracture patient was female.
All participants were over 75 years of age, but subjects in the healthy controls were younger than the other participants (mean age 77.9 years vs. 84.7; p < 0.001).
Patients living in nursing homes were oldest with a mean age of 86.4 years. There was no age difference between men and women within groups.
There was no difference in height between subjects in the groups among the male participants. Among women, however, healthy controls were taller than women in the other groups. BMI did not differ between groups.
Systolic and diastolic blood pressure were highest among the stroke subjects and lowest among the healthy controls and hip fracture patients.
Laboratory Findings
Patients in the group with hip fractures had, on average, lower plasma concentrations of calcium, albumin, and phosphorus levels than within the other groups. They had the highest plasma ALP concentrations as well.
Vitamin D status in the different groups are shown in Table 2 . Subjects in the control group had a mean 25(OH)D concentration of 74 nmol/L, which was higher than that of the stroke patients (64 nmol/L), the frequent emergency users (60 nmol/L), and the patients with hip fractures (51 nmol/L). The patients in the institutionalized homebound group had the lowest concentration of 25(OH)D (mean concentration 46.5 nmol/L); they also had the highest PTH and creatinine concentrations. Very few patients had measurable 25(OH) vitamin D2 concentrations.
Only seven among the healthy controls, five stroke patients, and two of the emergency patients had 25(OH)D2 > 5 nmol/L. Therefore, S-25(OH)D concentrations depended mainly on the concentration of S-25(OH)D3. S-25(OH)D showed a Gaussian distribution. Using the central 95% of the controls as a reference population for healthy older adults ≥ 75 years, the observed reference interval for S-25(OH)D for men and women was 31-123 nmol/L.
The mean 25(OH)D was highest in the control group 73.9 nmol/L and lowest in the institutionalized group (46.5 nmol/L). No gender differences were observed except for the patients in the frequent emergency care user group where females tended to have higher 25(OH)D values than males (p = 0.007).
Vitamin D Supplements and Other Prescribed Drugs
Vitamin D (cholecalciferol or calcitriol analogs) was prescribed to only a minority of patients (15.5%). These patients had significantly higher 25(OH)D levels (82.1 ± 2.4 vs. 49.0 ± 1.3 nmol/L, p < 0.001) and lower PTH (6.2 ± 0.6 vs. 8.1 ± 0.3 pmol/L, p = 0.003), than patients without vitamin D prescriptions. Serum 25(OH)D levels, prescribed D-vitamin dose, and D-vitamin status are shown in Table 2 . Vitamin D status was slightly related to the number of prescribed drugs for continual use, all patients and controls combined. More drugs resulted in a lower 25(OH)D concentration (p = 0.02).
Seasonal Variation and Skin Type
The season during which sample collection took place did not differ between groups, and 43% of the participants were examined during the summer months. There was no significant seasonal variation in mean 25(OH)D levels ( Figure 1 ) in any of the groups. A tendency towards statistical significance was seen among the emergency patients (p = 0.058). When all patients were included, there was a small but significant seasonal variation when the light season (April to September) was compared with the dark season (October thru March); p = 0.03. Most patients and controls had Fitzpatrick skin type 2 or 3 (94%), whereas 4% had type 1, and 2% had type 4. No significant correlation between skin type and vitamin D status was seen. 
Discussion
Vitamin D Levels in Older Adults
After 75 years of age, many individuals become increasingly frail, marked by serious mental and physical debilitation. Older adults are particularly at risk for developing vitamin D deficiency.
In this cross-sectional study, we sought to compare and investigate vitamin D levels in patients of the same age, but from different disease populations chosen from groups with a frailty phenotype, and from those with multiple comorbidities, whereby we suspected vitamin D deficiency to be disproportionally common in these groups.
We also examined a control group with older adults free from serious illness and who considered themselves completely healthy. All participants in the study were at least 75 years old. In line with their morbidity state, patients with acute hip fracture, stroke, institutionalized patients, and frequent users of emergency care demonstrated disproportionally low serum levels of 25(OH)D in comparison to healthy controls, who, on the other hand, had surprisingly high 25(OH)D concentrations. The mean serum 25(OH)D level of the healthy control group (74 nmol/L) was similar to a suggested optimal concentration based on physiological data and mortality studies and much higher than that of many officially recommended cut-off levels for vitamin D deficiency (<50 nmol/L). These results support the conclusion from other studies that a serum 25(OH)D level around 70-75 nmol/L is an optimal level for older adults. 
Vitamin D Status in Study Patients with An Osteoporotic Hip Fracture
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Vitamin D Status in Study Patients with An Osteoporotic Hip Fracture
The first disease group was older adult patients with acute low energy hip fractures. Both old age and vitamin D deficiency are well-known risk factors for osteoporosis and hip fractures [15] , and sustaining a hip fracture in old age is serious and associated with high morbidity and mortality. Classical clinical consequences of vitamin D deficiency include effects on proximal myopathy and myalgia, which can partly explain the increased risk of falling and fractures in older, vitamin D deficient, patients [16] .
Vitamin D deficiency impairs bone mineralization and increases bone turnover via secondary hyperparathyroidism, thus accelerating bone loss and increasing fracture risk. In our study, PTH was significantly inversely correlated to 25(OH)D in all subjects, p < 0.001, but did not significantly differ from controls (p = 0.09).
Vitamin D, often taken in combination with calcium, is a common treatment for osteoporosis, and has also been shown to prevent falls in older adults [17, 18] . Optimal benefits of vitamin D substitution have been observed at minimum doses of 700 to 1000 IU vitamin D per day, or a mean of 25(OH)D between 75 and 110 nmol/L [19] . In the current study, 23% of the hip fracture patients had vitamin D prescribed, but only 15% reached levels above 75 nmol/L, which is a suggested cut-off level by the International Osteoporosis Federation (IOF) [20] , American Geriatric Society [21] , and the Endocrine Society [22] . A majority of patients had levels below 50 nmol/L, which is the cut-off limit suggested for bone health by the US-American IOM report [23] and from the Nordic Nutrition Recommendations (NNR 2012) [13] .
Sweden has a very high incidence of hip fractures [24] , and the incidence has been shown to have both a seasonal and latitudinal variation, with the highest incidence in the north during the winter months. Variations in solar UVB doses and 25(OH)D concentrations have been proposed to explain this variation in hip fracture incidence [10] . In the current study, 25(OH)D levels did not differ significantly among hip fracture patients in the summer months compared with those in the winter months.
Vitamin D Status in Study Patients with Acute Stroke
The second group investigated included patients with acute stroke. Hypertension is a well-known risk factor for stroke, and there is also a well-known inverse correlation between 25(OH)D levels and blood pressure [25, 26] .
In addition to 25(OH)D levels, blood pressure and stroke are known to vary according to season and latitude [27, 28] . In our study, we could not observe a statistical difference in S-25(OH)D between the winter months (dark season) compared with the summer months (light season) of the year (p = 0.19). The mean 25(OH)D levels in stroke patients were higher than among hip fracture patients, but significantly lower than in the healthy controls.
The finding of relatively high levels of 25(OH)D in stroke patients (mean 64 ± 27 nmol/L) was somewhat surprising. Several studies, including several meta-analyses of multiple prospective cohort studies, have shown an increased risk for stroke in people with low vitamin D levels [29] [30] [31] [32] [33] .
Most 
Vitamin D Status in Study Patients with ≥4 Emergency Care Visits per Year
Apart from the well-known effects of vitamin D on bone health, calcium, and phosphate metabolism, in recent years, the focus of research has been on the so-called non-classical effects of vitamin D. Vitamin D is a potent regulator of many important physiological responses, and low vitamin D levels have been associated with many chronic and acute diseases, such as insulin resistance, cardiovascular disease, cancer, autoimmune diseases, psychiatric illness, and infections. Results from randomized controlled trials are, however, conflicting, and low 25(OH)D has been suggested only as a marker of ill health for many of these conditions. Recent studies have also suggested that vitamin D could be a marker of resistance to fatality of potentially fatal diseases, in other words, sufficient vitamin D status may be needed to regulate responses by the immune system, when challenged by severe diseases, to prevent fatality [34] .
As a third group we, therefore, chose to investigate a group of older adults defined as frequent users of emergency care. These people frequently pose special diagnostic challenges and often have nonspecific, vague complaints, and atypical presentations of a variety of diseases. The patients in our study used emergency care at the local hospital four or more times a year. Also, this group of patients had significantly lower 25(OH)D levels compared with that of controls.
Vitamin D Status in Study Patients Living in Nursing Homes
Elderly, multi-ill persons, living in nursing homes, have poor access to outdoor activities and may develop vitamin D deficiency. As a fourth group we, therefore, included a group of homebound, community-dwelling elderly persons in the study. These patients had very low 25(OH)D concentrations, and 75% had levels lower than 50 nmol/L. Only 14% had vitamin D prescribed. This is not surprising, since vitamin D deficiency is a frequent finding among older adults in most countries, regardless of latitude, and especially in institutionalized older adults. This is an important finding whereby vitamin D deficiency in these patients has been associated with increased mortality [3] . We observed no seasonal variations in this group of patients. Mean age for this group was 86. Aging decreases the capacity of human skin to produce vitamin D3. Many institutionalized older adults spend little time outdoors, which could explain the lack of seasonal variation for both this group and the hip fracture group.
Vitamin D Status in Healthy Controls
Surprisingly, we detected no seasonal variation in the control group. This is in contrast to recent findings in healthy, Swedish blood donors (mean age 41 ± 13 years) where S-25(OH)D varied greatly over the year, correlating with the intensity of UVB irradiation [9] . Our much older control subjects had a mean 25(OH)D concentration of 73.9 nmol/L, and levels did not, as was expected, differ significantly between summer and winter. No one in the control group had vitamin D prescribed, but we had no information regarding intake of food sources rich in vitamin D (cholecalciferol or ergocalciferol) or vitamins not prescribed by a physician. Nor did we obtain information on outdoor exposure to sunlight, or vacations abroad, etcetera.
On the other hand, in a prospective study from southern Sweden [15] , no significant seasonal variation was seen in 25(OH)D values (ranging from 58 to 66 nmol/L) as well as in another Swedish prospective study investigating older healthy Swedish women aged 75 and above [35] . It, thus, seems that seasonal variations in vitamin D status are less pronounced in very old, healthy individuals compared to that of younger persons. We speculate that our control group, consisting of retired, but healthier and more active individuals, may travel to southerly latitudes more than would otherwise be expected for this age group, thus gaining greater exposure to sunlight, and consequently higher levels of vitamin D. Another explanation is that these healthy older adults have different eating habits with a higher intake of vitamin D, and that in older individuals, the dietary importance of vitamin D levels are more significant, compared to that of younger individuals, while sunlight's role is less important.
There could also have been more individuals in this healthy group with a genetic predisposition for higher blood levels of 25(OH)D over the year.
Current Guidelines for Optimal Vitamin D Status
Interestingly, the mean vitamin D concentrations we observed in the healthy control group (74 nmol/L) was much higher than that of the Swedish recommended cut-off level for vitamin D deficiency (>50 nmol/L).
There is a relative consensus throughout the world that serum levels below 25 nmol/L (10 ng/ml) qualify as 'deficient', but there is some controversy regarding normal values. It is also important to note that "normal" vitamin D status using data from older studies may be difficult to assess since serum 25(OH)D measurements have proven to be a major challenge, with considerable variation in results between laboratories and methods used in earlier studies [36, 37] .
The frequently referenced report from the American Institute of Medicine (IOM) from 2011 recommended that a serum 25(OH)D level of at least 50 nmol/L would be sufficient to optimize bone health. The same cut-off level was recommended in the Nordic Nutrition recommendation, released in October 2013. In contrast to the USA's IOM report, other reports and guidelines, such as from the American Endocrine Society (2010), the International Osteoporosis Foundation (2010), and the American Geriatric Society (2014), have suggested that a minimum level of 75 nmol/L is necessary in older adults. This is based on the assumption that effective serum 25(OH)D levels are lower for skeletal disease than for non-skeletal disease and premature mortality, and that higher levels are needed to minimize, for example, the risk of falls and increase life span among frail, older adult subjects [38] .
In the recent Danish, CopD-study, serum 25(OH)D levels were analyzed from 247,574 subjects from the Copenhagen general practice sector [39] . In that study, a serum level of approximately 70 nmol/L was associated with the lowest total mortality risk. Lower levels, but also higher levels in this study, were associated with increased risk. Interestingly, and despite their advanced age, controls in our study had, on average, nearly the same 25(OH)D levels (74 nmol/L) as the optimal level in the CopD-study. This level has also been suggested as the optimal level based on physiological data. Adequate dietary calcium absorption depends on levels of 25(OH)D, and maximum absorption of dietary calcium occurs at a 25(OH)D level of approximately 70 nmol/L or higher. Since blood calcium levels must be maintained, vitamin D deficiency leads to secondary hyperparathyroidism and decreased bone mineralization [40] .
Self-rated health provides a good indication of health, and has been proven to be a predictor of mortality [41, 42] . Since the subjects in our control group considered themselves to be in excellent health, and since their mean serum level of 25(OH)D was 74 nmol/L, our study supports the conclusion from other studies that, in terms of mortality, 70-75 nmol/L is an optimal level for 25(OH)D. However, due to the cross-sectional design of the current study, it is not possible to infer causality between 25(OH)D levels and health outcomes, underlining the need for further randomized trials with larger populations. On the whole, most of these trials have not demonstrated improved health in vitamin D-treated individuals, with the exception of life expectancy for older adults.
Limitations in the Study
The present study was, as noted, limited by its cross-sectional design. A single measurement may not accurately reflect the relationship between 25(OH)D and health outcomes over time [15] . A validated food frequency questionnaire for assessing D-vitamin and calcium intake, as well as collecting information on lifestyle factors such as sun habits and travelling abroad, could have been helpful for understanding the vitamin D status in our population. A further shortcoming was the lack of questions to the control group regarding their exposure to sunlight, and an additional limitation was the slightly lower mean age of the control group compared to the other groups.
Conclusions
In the current study, we showed that vitamin D status was low in Swedish people aged 75 or older with high disease burden. In contrast, high self-perceived health in older adults was associated with adequate serum levels of 25(OH)D. These results support the conclusion from other studies that a serum 25(OH)D level around 70-75 nmol/L is an optimal level for older adults.
